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ABSTRACT
Yaw angle control is known nowadays as a promising and effective technique to mitigate wake effects in wind farms. In this
paper, we perform wind tunnel experiments to study the performance of a model wind farm with five turbine rows under a wide
variety of yaw angle distributions. Electrical servo controllers are used to monitor and control the operating conditions of each
model wind turbine, which consists of a recently developed, highly efficient rotor with a diameter of 15 cm. Each turbine is used
as a sensor to detect its own inflow conditions. Using this method ensures us that all the turbines within the wind farm always
operate with an optimal rotational velocity, regardless of their yaw angles or inflow conditions. Wind farm power measurements
are carried out for more than 200 cases with different yaw angle distributions. Our results show that yaw angle control can
increase the overall wind farm efficiency as much as 17% with respect to fully non-yawed conditions. Special emphasis is placed
on studying yaw angle distributions with different levels of simplicity and power improvement. Among different yaw angle distri-
butions, the most successful ones are those with a relatively large yaw angle value for the first turbine row, and then, the yaw
angle decreases progressively for downwind rows until it eventually becomes zero for the last one. In addition, power measure-
ments show that yaw angle control can improve the wind farm efficiency more noticeably for a larger number of turbine rows
although this improvement is expected to reach a plateau after several rows.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5077038
I. INTRODUCTION
Significant power losses due to complex interactions of
wind turbine wakes in wind farms call for the development of
novel wake control strategies. One approach to achieve this goal
that draws increasing attention is the yaw angle control of wind
turbines. Yaw angle control is considered to be an effective
strategy by deflecting the wakes away from downwind tur-
bines.1,2 In this approach, the whole wind farm power produc-
tion is improved at the expense of reducing the performance of
some of the turbines located in the first rows of wind farms.
Wake deflection associated with yawed rotors has been
the subject of research since the pioneering studies by Glauert3
and Coleman et al.4 followed by other studies such as by Grant
et al.5 and Grant and Parkin.6 More information on far wakes of
yawed turbines has been, however, provided by more recent
studies such as by Medici and Alfredsson,7 Jimenez et al.,1 and
Fleming et al.8 In particular, several experimental, numerical,
and theoretical studies have been carried out in the last three
years which were able to report or explain several phenomena
associated with yawed turbines and their wake structures.
These include, among others, (i) kidney (curled) shape of the
wake cross-section due to the presence of a counter-rotating
vortex pair (CVP),2,9–13 (ii) vertical displacement of yawed tur-
bine wakes due to the interaction of wake rotation, CVP, and
ground,2,13 (iii) presence of a strong lateral asymmetry in
the upwind induction region,14,15 (iv) asymmetric distribution of
the wake skew angle with respect to the wake center,2 and (iv)
turbine thrust15,16 and power15–18 variation with the yaw angle.
Bartl et al.19 have also very recently studied the effect of incom-
ing turbulence and shear on wind turbine wakes in yawed
conditions.
Simple analytical models that can predict wakes of yawed
turbines have also been developed in the literature. These com-
putationally inexpensive models are useful tools to assess the
suitability of yaw angle control for wind farms. Jimenez et al.1
used the conservation of mass and momentum to predict the
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wake deflection for yawed turbines by assuming a top-hat shape
for the velocity deficit profile. Bastankhah and Porte-Agel2 used
detailed wind tunnel data to simplify Reynolds-averaged Navier-
Stokes equations, upon which a more realistic analytical model
was built. This simple model can predict both streamwise and
lateral velocity distributions in the wake of a yawed turbine.
More recently, Shapiro et al.12 modeled the wake by viewing the
yawed turbine as a lifting surface.
The ultimate goal of research on yawed turbines and their
wake flows is to successfully implement yaw angle control in
wind farms. However, compared to the extensive recent studies
on yawed turbines and their wake flows, wind farm power opti-
mization with yaw angle control has received much less atten-
tion in the literature. Among a few studies, Adaramola and
Krogstad20 performed wind tunnel measurements to study the
effect of yawing on the performance of twomodel wind turbines
operating in tandemwith an inter-turbine spacing of three rotor
diameters. They reported an improvement of 12% in the total
power production when the upstream turbine operates with a
yaw angle c equal to 30. It is, however, worth mentioning that
the way that they yawed the first turbine created a non-
negligible lateral displacement of the first turbine, which in turn
helps further improve the total power production. Ozbay et al.16
experimentally studied the performance of two wind turbines,
spaced two rotor diameters apart in the streamwise direction,
for different values of the upwind turbine yaw angle.While they
did not observe any power increase in the case of high incoming
turbulence (around 18% turbulence intensity), the total power
for a lower incoming turbulence level (around 8% turbulence
intensity) was found to be improved by 6%, provided that the
first turbine’s yaw angle c1 is equal to 10. Gebraad et al.21 later
performed large eddy simulation to study the performance of a
wind farm consisting of six turbines arranged in three rows and
two columns. They observed that yaw angle control can increase
wind farm power production up to 13%. In addition, they
reported that yaw angle control can reduce loads onmost of the
wind turbines in the tested wind farm, both yawed turbines and
those placed downstream. Park and Law22,23 introduced a data-
driven approach based on the Bayesian ascent algorithm to opti-
mize the total wind farm power by real-time control of both
pitch and yaw angles of wind turbines. Although using this
approach allowed them to achieve up to 27% improvement on
the total power produced by four turbines, limited information
on optimal yaw angle distributions was provided. Campagnolo
et al.24 performed wind tunnel experiments to study the perfor-
mance of three wind turbine models, which were spaced four
rotor diameters apart in the streamwise direction and a half
rotor diameter apart in the lateral direction. Using a closed-loop
wind farm control algorithm, they were able to achieve a 15%
power increase for the whole wind farm. More recently, Fleming
et al.25 proposed that large-scale structures in wakes of yawed
turbines such as CVP can play a role in having more effective
strategies to improve the overall performance of wind farms.
They also employed large eddy simulations to show that the
performance of a wind farm array with four rows of turbines can
be improved by more than 12% by yawing the turbines placed in
the first row.Very recently, Bartl et al.26 have conducted detailed
wind tunnel experiments to study the effects of yaw misalign-
ment on power production and loads of a downstream turbine
placed in both full- and partial-wake conditions. They reported
that yaw angle control can result in total power improvement
within the range of 3.5%–11%, depending on the incoming tur-
bulence level and turbine spacing.
Despite the merit of the above-mentioned studies, they
mostly focused on the amount of increase in wind farm effi-
ciency achieved by yaw angle control, with less attention to yaw
angle distributions that can lead to such an increase. In the pre-
sent work, we carried out detailed wind tunnel experiments to
study the performance of a wind farm with five rows of model
wind turbines for a wide range of yaw angle distributions. These
measurements provide new insights into the usefulness of yaw
angle control for wind farms with different sizes and yaw angle
distributions.
The remainder of this paper is organized as follows. In
Sec. II, basic information about the wind tunnel and flow
conditions is provided. Section III concerns the characteris-
tics of the model wind turbine employed in this study. The
wind farm setup is explained in detail in Sec. IV, and the
results are presented in Sec. V. Finally, Sec. VI concludes this
paper with a discussion of key findings and future research
directions.
II. WIND TUNNEL AND INFLOW CHARACTERIZATION
Measurements were performed in the atmospheric
boundary-layer wind tunnel (ABLWT) of the WiRE laboratory at
EPFL, Switzerland. The length, width, and height of the wind
tunnel test section are 28, 2.5, and 2.25 m, respectively. See the
previous studies of the authors (e.g., Ref. 15) for more informa-
tion on the WiRE wind tunnel. Due to the large length of the
test section, a turbulent boundary layer is naturally developed
over the test-section floor, without the use of any tripping
mechanism.
Velocity measurements were first performed to ensure that
the turbulent boundary layer is fully developed within the stud-
ied wind farm. Prior to the installation of model wind turbines,
hot-wire measurements were carried out to quantify vertical
profiles of the boundary-layer velocity at the streamwise posi-
tions of the wind turbines. The hot-wire anemometer was cali-
brated against a velocity calibrator from Dantec at the beginning
as well as the end of measurements. At each streamwise posi-
tion, the measurements were performed over a vertical profile
starting at z¼ 1 cm up to z¼ 45cm, where z denotes the vertical
distance from the test-section floor. At each measured point,
the hot-wire probe consisting of a single 5.0lm tungsten wire
collected the data at a rate of 20000Hz for a period of 1min.
Figure 1(a) shows vertical profiles of the mean streamwise veloc-
ity u normalized with the velocity at the turbine hub height uh at
streamwise positions of the wind turbines, where the overbar
denotes time averaging. In the figure, the height is normalized
with the rotor diameter d, and the turbine hub height zh is shown
with a horizontal dashed blue line.T1,T2,…,T5 in the figure stand
for model turbines located at different rows; T1 is the most
upwind turbine, while T5 is the most downwind one. The vertical
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profiles of the streamwise turbulence intensity I ¼ ru=uh are
also shown in Fig. 1(b), where ru denotes the standard deviation
of the streamwise velocity. As seen in Fig. 1, overall, there is no
large variation in the boundary-layer profile within the wind
farm, especially at the turbine hub height.
Table I summarizes the key information about the boundary
layer approaching the wind farm. The values of the friction
velocity u* and the aerodynamic surface roughness length z0 for
the boundary layer are estimated based on fitting a logarithmic
profile to the measured points in the surface layer at T1 [Fig.
1(c)]. The ratio of the boundary-layer thickness to the turbine
rotor diameter d/D along with the value of the streamwise tur-
bulence intensity at hub height I (z ¼ zh) suggests that the cur-
rent wind tunnel setup simulates a relatively smooth and
shallow boundary layer which mostly occurs in offshore cases or
those over lands with stable thermal stratification.27,28
III. MODELWIND TURBINE
The model wind turbine employed in this wind tunnel study
was developed in the previous studies of the authors.29,30 It is a
three-bladed horizontal-axis miniature wind turbine with a
rotor diameter D of 15 cm and a hub height zh of 12.5 cm. Given
its small size, this turbine is especially suitable for wind tunnel
simulations of large wind farms. The other advantage of the
employed model turbine is the fact that, despite its small size, its
thrust CT and power CP coefficients are relatively close to those
of utility-scale turbines, which leads to more realistic wind tun-
nel simulations compared to previous studies. The interested
reader is referred to Ref. 29 for detailed information on the tur-
bine model.
A small permanent-magnet DC generator called DCX10L
from Maxon is attached to the rotor to convert the mechanical
power extracted from the incoming wind to the electrical one.
The generator is equipped with a digital incremental encoder
with an accuracy of 128 counts per turn tomeasure the instanta-
neous rotational velocity X. A servo-electric controller (hence-
forth referred to as the RPM controller) is connected to each DC
generator to simultaneously monitor and control the value of
the rotational velocityX as well as the electrical current i gener-
ated by the DC machine. We then use torque calibration of the
DC machine performed in the study by Bastankhah and Porte-
Agel29 to estimate the shaft torque T and consequently the
mechanical power (i.e., Pmech ¼ TX) based on the values of i and
X. The bottom of each turbine tower is also attached to a DC
motor. This motor is connected to an angular position controller
(henceforth referred to as the yaw angle controller) so that the
yaw angle value of each turbine can be controlled individually.
Any change in the yaw angle is performed by the controller with
an accuracy of 0.1 although the uncertainty associated with
positioning the turbine in the reference case with a zero yaw
angle is expected to be around 1.
Figure 2 shows the mechanical power P of the most
upwind turbine (i.e.,T1) as a function of the rotational velocity
X for different incoming velocities and yaw angles. As
expected, the turbine power decreases with a decrease in the
incoming velocity as well as an increase in the yaw angle. For
each case, values of the free-rotating rotational velocity Xf
and the optimal one Xo (i.e., corresponding to the turbine
maximum power) are shown in the figure with filled and
hollow circles, respectively. Even though wind farm experi-
ments were performed for a constant incoming velocity
(uh ¼ 4:8m=s), the information provided in Fig. 2 will be used
in Sec. IV to ensure that all the turbines within the wind farm
always operate at the optimal rotational velocity. Note that
we did not seek the P–X relationship for values of X much
lower than Xo, as the goal in this study is only to find the cor-
responding values of Xf and Xo for a range of u and c values,
as elaborated later in Sec. IV. Detailed information on the var-
iation of power and thrust force of this model wind turbine
with the rotational velocity and the yaw angle can be found
in Ref. 15.
FIG. 1. Characteristics of the turbulent
boundary layer flow at the wind turbine
positions, prior to the installation of
turbines: (a) the normalized mean stream-
wise velocity profile and (b) the stream-
wise turbulence intensity profile. The
horizontal dotted-dashed lines indicate the
turbine hub height. (c) The normalized
mean streamwise velocity profile on a
semi-logarithmic scale. The solid line
shows the fitted logarithmic profile to the
velocity profile in the surface layer at T1.
TABLE I. Key characteristics of the incoming turbulent boundary layer.
d/D uh ðm=sÞ I(z ¼ zh) u=uh z0/D
3.2 4.8 7% 0.043 9.3  10–5
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IV. WIND FARM SETUP
The wind tunnel setup consists of a column of five wind
turbines in a line parallel to the incoming flow direction as sche-
matically shown in Fig. 3. The inter-turbine spacing is five rotor
diameters, which lies in the range of the spacing between
utility-scale wind turbines in the field.31 During measurements,
as mentioned in Sec. III, both the rotational velocity and the yaw
angle of the turbines are controlled with servo controllers as
shown in Fig. 3. Note that we do not change the yaw angle of the
last turbine (T5) as it is less likely to result in any wind farm
power improvement.
A homemade LabVIEW code is used to enable communica-
tions between a Data Acquisition (DAQ) hardware from National
Instruments and all the controllers. The DAQ system sends the
required information such as desired values of the yaw angle c
and the rotational velocity X to the controllers, and it receives
the data on instantaneous values of the rotational velocity X as
well as the electrical current i for each turbine (see Fig. 3).
For studies on yaw angle control in wind farms, it is crucial
to ensure that the power variation measured between scenarios
with different yaw angle distributions is only due to the change
of the turbines’ yaw angles and not because of operation of tur-
bines with non-optimal rotational velocities. In general, the
optimal rotational velocity Xo of a turbine depends on its inflow
conditions and the turbine yaw angle. As a result, any change in
the yaw angle of either upwind turbines or the turbine itself
necessitates the readjustment of the turbine rotational velocity.
Figure 4 illustrates the method implemented in this study to
ensure that all the turbines operate atXo for any given yaw angle
distribution. In the first step, a priori power measurements for a
single turbine are performed to determine Xo for different
incoming velocities and yaw angles, similar to those reported in
FIG. 2. Variation of the first turbine’s power with rotational velocity for different values of incoming velocity and yaw angle.
FIG. 3. Schematic figure of the wind farm setup including the model wind turbines, the electrical controllers, and the DAQ system.
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Fig. 2. Therefore, for any given pair of known yaw angle c and
measured free-rotating rotational velocity Xf, the optimal rota-
tional velocity Xo can be estimated by interpolating the available
data, stored in a lookup table (i.e., Xo ¼ f(c, Xf)). As a result, for a
given wind farm yaw angle distribution, the value of Xo for each
turbine with a known c can be estimated by measuring Xf for a
few seconds. This method is particularly useful for small-size
model turbines since by measuring Xf, each turbine acts as a
sensor estimating its own incoming flow conditions. For large-
scale turbines, with the possibility of having a velocity sensor on
the turbine nacelle, the value of Xo can be directly determined
from velocity measurements (i.e.,Xo ¼ fðc; uhÞ).
The operating conditions of turbines in the wind farm are set
sequentially. This means that, for each scenario, the procedure
starts by setting c and Xo of the first turbine (T1), and it continues
for downwind turbines one after the other until all of them are set.
Setting turbine operating conditions in a sequential order is impor-
tant as Xo for each turbine should be estimated only when all
upwind turbines operate with the desired values of c andX. For the
sake of saving time, c for the ith turbine in the jth scenario is set
only if it is different from the corresponding value in the previous
scenario (i.e., cji 6¼ cðj1Þi ), where the superscript j denotes the sce-
nario number ranging from 1 to m and the subscript i denotes the
turbine row number ranging from 1 to n (n¼ 5 in this study).
Likewise, Xo of the ith turbine in the jth scenario is set only if yaw
angle values of the ith turbine and upwind turbines are not the
same as those in the previous scenario (i.e., fcj1;… ; cjig 6¼ fcðj1Þ1 ;
… ; cðj1Þi g). Once the adjustment of all the turbines is finished for
each scenario, the power extracted by the turbines is measured
and recorded. The interested reader is referred to the Appendix
where a flowchart of the whole process concerning adjustment
andmeasurement of the turbines’ operating conditions is depicted.
V. WIND FARM POWERMEASUREMENTS
In this section, we present wind farm power measurements
for different yaw-angle distributions. Except for the last turbine
(T5), we vary the yaw angle of all the turbines from cmin¼ 0 to
cmax ¼ 30 with a step of 5. For the sake of simplicity, the tur-
bines are only yawed in the counterclockwise direction, seen
from the top, in this study. We also exclude less promising sce-
narios by considering only the ones at which the yaw angles of
turbines are always equal to or greater than those of their
downwind turbines. This can be explained by bearing in mind
that yawing turbines can improve the wind farm power produc-
tion by steering wakes away from downwind turbines.
Therefore, yaw misalignment for upwind turbines is more likely
to be advantageous as, in this case, there are more turbines
placed downstream that can benefit from this situation. Given
the adopted testing strategies, the total number of scenarios is
computed in Table II for different numbers of turbine rows and
yaw angles. The variable q is the number of tested yaw angles
which is equal to (cmax  cmin)/step þ 1. Note that, given the
trend observed in Table II, one can easily compute the total
number of scenarios for wind farms with more than five rows.
In a brute-force approach, we carried out wind farm power
measurements for the whole 210 scenarios to test all different
FIG. 4. Schematic figure showing the method to find the optimal rotational velocity Xo for the wind turbines within the wind farm operating at any given yaw angle and inflow
condition.
TABLE II. Total number of scenarios with different yaw angle distributions. The vari-
able q is the number of tested yaw angles which is equal to (cmax  cmin)/step þ 1.
Number of scenarios, m
Number of turbine rows, n Mathematical formulation Current setup (q¼ 7)
2 q 7
3
Xq
i¼1
i 28
4
Xq
j¼1
Xj
i¼1
i 84
5
Xq
k¼1
Xk
j¼1
Xj
i¼1
i 210
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yaw angle distributions that can potentially improve the wind
farm efficiency. For each scenario, the adjustment of turbines’
operating conditions lasted from one to three minutes, and
power measurements were then carried out for one minute
with the sampling frequency of 2000Hz.
All the different yaw angle distributions examined in this
paper result in an increase in the wind farm power output (i.e.,
DPtot > 0) with respect to the reference case Ptot,c¼0 (i.e., non-
yawed conditions), where Ptot ¼
Pn
i¼1 Pi. Figure 5 shows the nor-
malized wind farm power increase DPtot/Ptot,c¼0 as well as the
yaw angle distribution for all the tested scenarios. For each case,
the value of power increase is indicated on the plot’s horizontal
axis. The colored dots in the plot area represent the corre-
sponding yaw angle values for turbines at each row, specified on
the plot’s vertical axis. Note that each color corresponds to a
given yaw angle value shown in the plot’s legend. As seen in the
figure, the normalized wind farm power increase varies from
0.5% to 17% depending on the yaw angle distribution. In the fol-
lowing, we employ the available wind tunnel data to examine
three different strategies to implement yaw angle control, with
different levels of complexity and power improvement. We
believe that this categorization can be useful in real applications,
for which themost suitable scenarios in terms of power produc-
tion might be ruled out due to other constraints associated with
structural loads or the wind turbine yawmechanism.
• Strategy I: As the simplest approach, only the most
upstream turbine (T1) is yawed (i.e., c1 6¼ 0, c2:5 ¼ 0). Figure
6(a) shows the normalized power extracted by the turbines
for different values of c1. The figure shows that the second
turbine’s power P2 is significantly increased by yawing the
first turbine (e.g., P2 for c1 ¼ 30 is more than double the
one for c1 ¼ 0). The effect of c1 on the turbines in the third
row and further downstream is indeed less considerable.
Despite the simplicity of implementing this strategy for
wind farm operators, Fig. 6(b) shows that the resultant wind
farm power improvement is much smaller than the maxi-
mum achievable value shown by a dashed line.
• Strategy II: In this strategy, all the turbines (except for the
last one) have the same non-zero yaw angle (i.e., c1 ¼ c2 ¼ c3
¼ c4 6¼ 0 and c5 ¼ 0). Figure 7(a) shows the normalized power
distribution for different values of c1:4. As seen in the figure,
one can observe a power increase for T2, T3, and T4
FIG. 5. Normalized wind farm power increases DPtot/Ptot,c¼0. For any value of power increase, the colored dots show the yaw angle of the turbines (T1,…,T5).
FIG. 6. (a) Normalized power distribution for different values of c1 when c2:5 ¼ 0. Power values are normalized with the one of T1 with a zero yaw angle. The red dashed curve
shows the power distribution for fully non-yawed conditions (c1:5 ¼ 0). (b) Normalized total wind farm power increase (%) for different values of c1. The black dashed line
shows the maximum wind farm power increase achieved by yaw angle control.
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although all of them operate with a non-zero yaw angle.
This can be explained by the fact that their power reduction
due to yawed conditions is compensated by more favorable
inflow conditions since they are less affected by deflected
wakes of upwind turbines. However, the major power
improvement occurs for the last turbine as it is still a non-
yawed turbine with a much more favorable inflow condition
compared to that of the reference case. Figure 7(b) shows
that the power increase occurred for those placed down-
wind of the first turbine considerably outweighs the power
reduction of the first turbine. This strategy increases the
total wind farm power more than 12% for those with c1:4
¼ 25 or 30. Even though the results suggest that this strat-
egy can considerably improve the wind farm power effi-
ciency, it is still not among the most successful scenarios
tested in this study. In the following, we focus on those that
yield the maximum power improvement.
• Strategy III: We do not impose any limitation on yaw angle
values within this approach. Instead, we investigate the
most effective yaw angle distributions in terms of wind farm
efficiency (i.e., c1:4  0 and c5¼0). Figure 8 shows the nor-
malized power extracted by the turbines for the top decile
of scenarios when ranked by the magnitude of DPtot.
Moreover, the yaw angle distributions corresponding to
these scenarios are shown in this figure. The mean values of
both power and yaw angle distributions are shown with
black curves in the figure, where the error bars indicate the
standard deviation. Moreover, similar to previous figures,
the red dashed curve in the figure acts as a reference by
showing the power distribution for fully non-yawed condi-
tions. Yaw angle distributions shown in the figure enhance
the overall wind farm power by 14%–17%. In comparison
with the reference case, one can observe that the power
distribution within the wind farm is much more homoge-
neous for the most effective scenarios. The figure also
shows that, on average, this more uniform power distribu-
tion is achieved by having a large yaw angle for the first tur-
bine and smaller values for downwind turbines. The figure
suggests that the optimal yaw angle distribution can be
roughly estimated by a linear relationship varying from the
maximum value for the first turbine to zero for the last one.
The available data are also used to shed light on how the
profitability of yaw angle control in terms of power production
varies with the number of wind turbine rows. In total, 84, 28, and
7 different scenarios are tested to examine the effect of yaw
angle control on the power of wind farms with 4, 3, and 2 turbine
rows, respectively.
Figures 9 and 10 show the normalized power and yaw angle
distribution which corresponds to the top decile of scenarios for
four and three turbine rows, respectively. The maximum total
power enhancement via yaw angle control for four turbines is
about 13%, while this value is reduced to 8% for three rows. As
shown in Figs. 9 and 10, the optimum yaw angle distributions are
again those with a large c1 and smaller yaw angle values for
downwind turbines. This is consistent with the data reported by
Campagnolo et al.24 It is also worth noting that the optimum
value of c1 decreases with the decrease in the number of turbine
rows (compare c1 in Figs. 9 and 10). Figure 11(a) shows the effect
of yawing on the performance of two turbines. Although all the
tested yaw angles from 5 to 30 result in a total power increase,
the maximum power improvement is only 3.6% and it occurs for
c1 equal to 20.
FIG. 7. (a) Normalized power distribution
when all the first four turbines have the
same non-zero yaw angle (i.e., c1 ¼ c2 ¼
c3¼ c4 6¼ 0 and c5¼ 0). The values of
turbine powers are normalized with the
one of T1 with the zero yaw angle. The
red dashed curve shows the power distri-
bution for fully non-yawed conditions
(c1:5¼ 0). (b) Normalized total wind farm
power increase (%) for different values of
c1:4. The black dashed line shows the
maximum wind farm power increase
achieved by yaw angle control.
FIG. 8. Distributions of power and yaw angles for the top decile of the tested sce-
narios when ranked by the magnitude of DPtot. The values of turbine powers are
normalized with the one of T1 with the zero yaw angle. Black curves show the
mean values, and the error bars indicate the standard deviation. The red dashed
curve shows the power distribution for fully non-yawed conditions (c1:5¼ 0).
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In the following, we employ the analytical wake model,
developed in the previous work of the authors,2 to provide an
estimation on how the presented results are related to other
operating conditions. In particular, we are interested to examine
the performance of two wind turbines as a function of the first
turbine yaw angle c1 for different values of incoming turbulence
intensity I and streamwise turbine spacing Sx. To estimate the
incoming velocity for the second (i.e., downstream) turbine, the
analytical model is used to compute the wind speed averaged
over its rotor area. The wake recovery rate k, the model input, is
obtained based on the empirical formula:32 k¼0.35I, and the
value of the turbine thrust coefficient CT is obtained from the
previous work of the authors15 for a similar turbine. The power
extracted by upstream and downstream turbines can be then
estimated from Fig. 2, given the fact that the incoming velocity
and the yaw angle are known for both of them. Figures 11(b) and
11(c) show the model predictions of the normalized total power
increase for different values of Sx and I(%), respectively. Note
that the value of I in Fig. 11(b) is equal to 7% for all the shown
cases, while the value of Sx is equal to 5D for all the cases shown
in Fig. 11(c). This means that the solid lines in the figures show
model predictions for conditions similar to those in the current
setup.
Figure 11(b) shows that the yaw angle control becomes less
effective for larger values of Sx. This may seem surprising at the
first glance since the deflection of the upwind turbine wake
increases with the increase in the streamwise distance. This can
be explained by noting that although the wake deflection for a
yawed turbine increases rapidly with the streamwise distance at
first (e.g., x< 4D), its variation becomes slower as the wake
moves further downstream.1,2 More importantly, for cases with
larger values of Sx, the second turbine is basically less affected
by the wake of the upstream turbine, which in turn limits the
usefulness of any wake mitigation strategy including yaw angle
control. Figure 11(b) also shows that the optimum yaw angle
decreases with the increase in Sx.
In addition to turbine spacing, Fig. 11(c) shows that the
incoming turbulence intensity plays an important role in rela-
tion to the usefulness of yaw angle control. This is mainly due to
the fact that a higher turbulence level enhances flow entrain-
ment and thereby faster wake recovery. This means that, in
highly turbulent inflow conditions, there is less room for wake
mitigation strategies to improve the performance of downwind
turbines.33
In the following, we examine the effect of the wind farm
size on the suitability of yaw angle control in more detail. Figure
12(a) shows the maximum wind farm power increase, obtained
with yaw angle control, as a function of number of turbine rows
n. One can observe that the implementation of yaw angle con-
trol is clearly more advantageous for larger wind farms. In fact,
Fig. 12(a) shows that the wind farm power increase varies linearly
with the number of turbine rows. It is of interest to see if the lin-
ear trend shown in this figure can be maintained for larger wind
farms. Within this line of thought, it might be more informative
to use a new metric to quantify the wind farm performance as
shown in Fig. 12(b). Here, the wind farm efficiency g is defined as
the total wind farm power (i.e., Ptot) divided by the power
extracted by the same number of turbines under undisturbed
inflow conditions (i.e., (n  P1,c¼0)). Figure 12(b) shows that the
wind farm with yaw angle control has higher efficiency than the
non-yawed wind farm, and the difference between the two
cases becomes broader with the increase in n. This is consistent
with the results already reported in Fig. 12(a). However, by
extrapolating the variation of g for values of n larger than 5, one
can suggest that the wind farm is likely to reach asymptotic con-
ditions after a few more rows, where g has a constant value
FIG. 9. Power and yaw angle distributions of four turbine rows for the top decile of
the tested scenarios when ranked by the magnitude of DPtot. The values of turbine
powers are normalized with the one of T1 with the zero yaw angle. Black curves
show the mean values, and the error bars indicate the standard deviation. The red
dashed curve shows the power distribution for fully non-yawed conditions (c1:4¼ 0).
FIG. 10. Power and yaw angle distribu-
tions of three turbine rows for the top dec-
ile of the tested scenarios when ranked by
the magnitude of DPtot. The values of tur-
bine powers are normalized with the one
of T1 with the zero yaw angle. Black
curves show the mean values, and the
error bars indicate the standard deviation.
The red dashed curve shows the power
distribution for fully non-yawed conditions
(c1:3¼ 0).
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regardless of n. We therefore infer that there is a limit for the
gain one could expect from yaw misalignment, and the linear
relationship observed in Fig. 12(a) cannot be maintained for
larger wind farms.
The wind farm studied experimentally in this paper consists
of a single column of five wind turbines. In large wind farms with
several columns of wind turbines, laterally deflected wakes
might interact with adjacent columns, which can limit the gains
obtained from yaw angle control. To shed light on the inter-
column interaction in wind farms, the analytical wake model2 is
used to visualize the border of the deflected wake for a yawed
turbine. Figure 13 shows the wake flow distribution in a horizon-
tal plane at hub height downwind of three side-by-side wind
turbines, with a lateral spacing Sy of 4D. The turbine placed at
y¼þ4D has a yaw angle of 30, while the yaw angle for the
other two is þ30. The incoming turbulence intensity at hub
height I is set to 7%,which is the same as the one for the current
experimental setup. In Fig. 13, note that only the values of nor-
malized velocity deficit Du=uh higher than 0.01 are shown in
blue. As seen in the figure, the wakes of adjacent columns start
interacting with each other roughly at 15D for those with the
FIG. 11. (a) Measured power distribution of two turbines for different values of c1. (b) and (c) Variation of normalized total power increase (%) with c1. Experimental data
(Sx¼ 5D and I¼ 7%) are shown with red circles, and the lines indicate analytical model predictions for different values of Sx and I.
FIG. 12. (a) Normalized maximum wind farm power increase achieved by yaw
angle control for different numbers of turbine rows. (b) Variation of wind farm effi-
ciency g with the number of turbine rows for wind farms with and without yaw angle
control.
FIG. 13. Contours of the normalized streamwise velocity deficit, higher than 0.01, in
a horizontal plane at hub height downwind of three side-by-side yawed turbines.
The turbine at y¼ 4D has a yaw angle of 30, while the yaw angle for the other
two is þ30.
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opposite direction of the yaw angle and at 35D for those with
the same direction of the yaw angle. These streamwise distances
are equivalent to the fourth and eighth rows of a wind farm with
Sx equal to 5D, respectively. Based on this analytical analysis,
one would therefore expect that inter-column interaction is
insignificant for a wind farm consisting of five turbine rows,
especially if wind turbines have the same direction of the yaw
angle. However, this interaction should be taken into account
for wind farms with a larger size and for those consisting of tur-
bines with different directions of the yaw angle.
VI. SUMMARY AND FUTURE RESEARCH
Wind tunnel experiments were performed to study the
effect of yaw angle control on the overall efficiency of wind
farms. To achieve this goal, the performance of a wind farm con-
sisting of a column of five model wind turbines with a rotor
diameter of 15 cm and a streamwise spacing of five rotor diame-
ters was studied for a wide range of yaw angle distributions. The
yaw angle and the rotational velocity of each turbinewere moni-
tored and controlled using electrical servo controllers. Special
effort was made to ensure that all the turbines always operate at
an optimal rotational velocity for any yaw angle and incoming
flow condition. Power measurements were performed for 210
scenarios with different yaw angle distributions. All the yaw
angle distributions tested in this study result in an overall wind
farm power increase ranging from 0.5% to 17%, with respect to
the fully non-yawed conditions. Among the different yaw angle
distributions, we were particularly interested in three strategies
with different levels of simplicity and power improvement. In
the first one, only the most upwind turbine operates in yaw. In
the second strategy, all the turbines except for the last one have
the same yaw angle. Finally, the third one concerns scenarios
that maximize the wind farm efficiency with essentially any arbi-
trary yaw angle distribution. The results show that the increase
in the overall wind farm efficiency by the simplest strategy (i.e.,
the first one) is relatively small (less than 4% for this experimen-
tal setup), but indeed not negligible. The second strategy can
increase wind farm power more effectively (up to 12% for this
setup) mainly by increasing the power generated by the last tur-
bine. Finally, for themost successful scenarios in terms of overall
wind farm efficiency (third strategy), one can observe that the
first turbine has systematically a relatively large yaw angle, and
the yaw angle value gradually decreases for subsequent rows
until it eventually becomes zero for the last turbine. In general,
the most optimal yaw angle distributions tend to homogenize
the power distribution within the wind farm by decreasing the
first turbine power and increasing the power generated by
downwind turbines. We also investigated the suitability of yaw
angle control for wind farms with different numbers of rows.
The results show that, for the tested wind farms, the maximum
achievable power enhancement via yaw angle control increases
linearly with the number of turbine rows even though this
increase is expected to reach an asymptotic value for large wind
farms.
The results presented in this study point out that there is
untapped potential to implement yaw angle control in utility-
scale wind farms. There are, however, still some very important
unexplored topics that have to be addressed in future studies:
• As seen earlier, large power degradation due to turbine
wakes makes this wind farm a suitable candidate for imple-
menting yaw angle control as a wake mitigation technique.
It is therefore of interest to study the suitability of this
technique for wind farms with other inflow conditions and
layout configurations.
• In this work, the turbines are installed in a line parallel to
the incoming flow. However, due to a continuous change of
the wind direction in the field, it is quite common that the
line on which wind turbines are installed is not parallel to
the incoming flow direction (i.e., partial wake conditions).
Therefore, yaw angle control of large wind farms under
partial-wake conditions deserves more attention in future
research.
• The effect of yaw misalignment on turbine loads is out of
the scope of this study. However, this issue definitely merits
further research in order to fully assess yaw angle control
profitability given other technical aspects such as the tur-
bine lifetime and maintenance costs.
• In this study, the turbines are only yawed in the same direc-
tion. However, as shown in previous research,2 both the
magnitude and the direction of horizontal and vertical wake
displacements under yawed conditions depend on the yaw-
angle direction. Therefore, the effect of different yaw angle
directions on the overall wind farm efficiency should be
investigated in future studies.
• The detailed experimental dataset collected under fully
controlled laboratory conditions in this study can provide
useful qualitative insights into the suitability of yaw angle
control for utility-scale wind farms. It is however important
to note that the presented results cannot be generalized to
the full scale in a quantitative manner due to a large differ-
ence in the Reynolds number that exists between the two
cases. This therefore calls for future field measurements to
quantitatively examine the effectiveness of yaw angle con-
trol in utility-scale wind farms.
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APPENDIX: ADJUSTMENT OF TURBINE OPERATING
CONDITIONS
Figure 14 presents the algorithm for the adjustment and
measurement of the turbines’ performance from the begin-
ning till the end of wind farm experiments. The matrix C in the
diagram contains all the information about yaw angle
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distributions tested in these experiments. Each row of the
matrix corresponds to a scenario with a specific yaw angle
distribution, while each column shows the yaw angle of a spe-
cific wind turbine for different scenarios. Therefore, the
superscript j denotes the scenario number ranging from 1 to
m, where m is the total number of tested scenarios (m¼ 210 in
this study), and the subscript i denotes the turbine number
ranging from 1 to n (n= 5 in this study).
FIG. 14. Flowchart for the adjustment and
measurement of the turbines’ operating con-
ditions for different yaw angle c distributions.
Journal of Renewable
and Sustainable Energy ARTICLE scitation.org/journal/rse
J. Renewable Sustainable Energy 11, 023301 (2019); doi: 10.1063/1.5077038 11, 023301-11
Published under license by AIP Publishing
REFERENCES
1A. Jimenez, A. Crespo, and E. Migoya, “Application of a LES technique to
characterize the wake deflection of a wind turbine in yaw,” Wind Energy
13, 559–572 (2010).
2M. Bastankhah and F. Porte-Agel, “Experimental and theoretical study of
wind turbine wakes in yawed conditions,” J. Fluid Mech. 806, 506–541
(2016).
3H. Glauert, A General Theory of the Autogyro (HM Stationery Office, 1926).
4R. P. Coleman, A. M. Feingold, and C. W. Stempin, “Evaluation of the
induced-velocity field of an idealized helicoptor rotor,” Technical Report
No. L5E10, DTIC Document, 1945.
5I. Grant, P. Parkin, and X.Wang, “Optical vortex tracking studies of a hori-
zontal axis wind turbine in yaw using laser-sheet, flow visualisation,” Exp.
Fluids 23, 513–519 (1997).
6I. Grant and P. Parkin, “A DPIV study of the trailing vortex elements from
the blades of a horizontal axis wind turbine in yaw,” Exp. Fluids 28,
368–376 (2000).
7D. Medici and P. Alfredsson, “Measurement on a wind turbine wake: 3D
effects and bluff body vortex shedding,”Wind Energy 9, 219–236 (2006).
8P. A. Fleming, P. M. O. Gebraad, S. Lee, J. van Wingerden, K. Johnson, M.
Churchfield, J. Michalakes, P. Spalart, and P. Moriarty, “Evaluating techni-
ques for redirecting turbine wakes using SOWFA,” Renewable Energy 70,
211–218 (2014).
9M. F. Howland, J. Bossuyt, M.-T. L. A. J. Meyers, and C. Meneveau, “Wake
structure in actuator disk models of wind turbines in yaw under uniform
inflow conditions,” J. Renewable Sustainable Energy 8, 043301 (2016).
10M. Churchfield, Q. Wang, A. Scholbrock, T. Herges, T. Mikkelsen, and M.
Sj€oholm, “Using high-fidelity computational fluid dynamics to help design
a wind turbine wake measurement experiment,” J. Phys.: Conf. Ser. 753,
032009 (2016).
11J. Wang, S. Foley, E. Nanos, T. Yu, F. Campagnolo, C. Bottasso, A. Zanotti,
and A. Croce, “Numerical and experimental study for wake redirection
techniques in a boundary layer wind tunnel,” J. Phys.: Conf. Ser. 854,
012048 (2017).
12C. R. Shapiro, D. F. Gayme, and C. Meneveau, “Modelling yawed wind tur-
bine wakes: A lifting line approach,” J. Fluid Mech. 841, R1 (2018).
13J. Schottler, J. Bartl, F. M€uhle, L. Sætran, J. Peinke, and M. H€olling, “Wind
tunnel experiments on wind turbine wakes in yaw: Redefining the wake
width,”Wind Energy Sci. 3, 257–273 (2018).
14D. Medici, S. Ivanell, J.-A˚. Dahlberg, and P. H. Alfredsson, “The upstream
flow of a wind turbine: Blockage effect,”Wind Energy 14, 691–697 (2011).
15M. Bastankhah and F. Porte-Agel, “Wind tunnel study of the wind turbine
interaction with a boundary-layer flow: Upwind region, turbine perfor-
mance, and wake region,” Phys. Fluids 29, 065105 (2017).
16A. Ozbay, W. Tian, Z. Yang, and H. Hu, “Interference of wind turbines with
different yaw angles of the upstream wind turbine,” in 42nd AIAA Fluid
Dynamics Conference and Exhibit (2012), p. 2719.
17P. Krogstad and M. S. Adaramola, “Performance and near wake measurements
of a model horizontal axis wind turbine,”Wind Energy 15, 743–756 (2012).
18M. Bastankhah and F. Porte-Agel, “A wind-tunnel investigation of wind-
turbine wakes in yawed conditions,” J. Phys.: Conf. Ser. 625, 012014 (2015).
19J. Bartl, F. M€uhle, J. Schottler, L. Sætran, J. Peinke, M. Adaramola, and M.
H€olling, “Wind tunnel experiments on wind turbine wakes in yaw: Effects
of inflow turbulence and shear,”Wind Energy Sci. 3, 329–343. (2018).
20M. Adaramola and P.-A˚. Krogstad, “Experimental investigation of wake effects
on wind turbine performance,” Renewable Energy 36, 2078–2086 (2011).
21P. M. O. Gebraad, F. W. Teeuwisse, J. W. Wingerden, P. A. Fleming, S. D.
Ruben, J. R. Marden, and L. Y. Pao, “Wind plant power optimization
through yaw control using a parametric model for wake effects—a CFD
simulation study,”Wind Energy 19, 95–114 (2016).
22J. Park and K. H. Law, “A data-driven, cooperative wind farm control to
maximize the total power production,” Appl. Energy 165, 151–165 (2016).
23J. Park and K. H. Law, “Bayesian ascent: A data-driven optimization
scheme for real-time control with application to wind farm power maxi-
mization,” IEEE Trans. Control Syst. Technol. 24, 1655–1668 (2016).
24F. Campagnolo, V. Petrovic´, J. Schreiber, E. M. Nanos, A. Croce, and C. L.
Bottasso, “Wind tunnel testing of a closed-loop wake deflection controller
for wind farm power maximization,” J. Phys.: Conf. Ser. 753, 032006 (2016).
25P. A. Fleming, J. Annoni, M. J. Churchfield, L. Martinez, K. M. Gruchalla, M.
J. Lawson, and P. J. Moriarty, “A simulation study demonstrating the
importance of large-scale trailing vortices in wake steering,” Wind
Energy Sci. 3, 243–255 (2018).
26J. M. S. Bartl, F. V. M€uhle, and L. R. Sætran, “Wind tunnel study on power
output and yaw moments for two yaw-controlled model wind turbines,”
Wind Energy Sci. 3, 489 (2018).
27J. R. Garratt, “Review: The atmospheric boundary layer,” Earth-Sci. Rev.
37, 89–134 (1994).
28R. B. Stull, An Introduction to Boundary Layer Meteorology (Springer
Science, 2009), Vol. 13.
29M. Bastankhah and F. Porte-Agel, “A new miniature wind turbine for wind
tunnel experiments. Part i: Design and performance,” Energies 10, 908
(2017).
30M. Bastankhah and F. Porte-Agel, “A new miniature wind turbine for wind
tunnel experiments. Part ii: Wake structure and flow dynamics,” Energies
10, 923 (2017).
31R. Barthelmie, G. C. Larsen, S. T. Frandsen, L. Folkerts, K. Rados, S. Pryor,
B. Lange, and G. Schepers, “Comparison of wake model simulations with
offshore wind turbine wake profiles measured by sodar,” J. Atmos.
Oceanic Technol. 23, 888–901 (2006).
32F. Carbajo Fuertes, C. D. Markfort, and F. Porte-Agel, “Wind turbine wake
characterization with nacelle-mounted wind lidars for analytical wake
model validation,” Remote Sens. 10, 668 (2018).
33D. Dilip and F. Porte-Agel, “Wind turbine wake mitigation through blade
pitch offset,” Energies 10, 757 (2017).
Journal of Renewable
and Sustainable Energy ARTICLE scitation.org/journal/rse
J. Renewable Sustainable Energy 11, 023301 (2019); doi: 10.1063/1.5077038 11, 023301-12
Published under license by AIP Publishing
